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Introduction
In vitro studies that have applied axial load to the human spine in an upright position demonstrate that it is inherently unstable, prone to bend, twist, shear, and buckle under loads much smaller than the mass of the trunk (Crisco and Panjabi, 1992; Morris et al., 1961) . To understand the neuromuscular stabilization of upright postures, there is a need for controlled methods to study the response to axial load perturbation in vivo.
Muscular control can be highly efficient. Sitting upright without external perturbation only requires ~1.7% of maximal voluntary contraction (Cholewicki et al., 1997) , but real-time modulation of postural control is affected by many variables.
Backwards trunk perturbations demonstrated greater stiffness for individuals with previous low back pain (20. 0 N/mm) than painfree participants (16.4 N/mm) . Lateral perturbation has been used to study effects of preload (Chiang and Potvin, 2001) , effects of preparatory muscle activation on postural responses (Cort et al., 2013) , and to model the effect of reflex control system delays (Reeves et al., 2009) . Error in timing of muscular control, such as delayed offset of contraction in response to sudden change in anterior-posterior load, is a predictor for development of low back pain . Specific task variables such load characteristics (Shahvarpour et al., 2015) , restraint characteristics (Poortvliet et al., 2013) and the connecting elements between the perturbing device and participant (Bazrgari et al., 2012) can influence muscle function, indicating the specificity and complexity of postural control modulation Axial load has been applied in relatively static tasks (Adam et al., 2010; Cholewicki et al., 1997) , but this study is the first to report a method for sudden axial load perturbation in upright postures. The study has two aims. First, to develop and validate a method of axial perturbation by reporting: measurement error; face validity comparing the response of the human body with simple mechanical systems; withinday trial repeatability; and the association between shoulder preload and estimated stiffness. Second, to report baseline data, specific to this device, for system behaviour in sitting and in standing, with system identification fitting force-displacement data to a 2 nd -order mass-spring-damper system, as foundation for future studies of participant variables and postural control.
Methods

Participants
Twenty-two participants volunteered from the university and local community (10 males, mean (SD) age 29(11) years, height 180(8) cm, weight 77(20) kg; 12 females, age 26(9) years, height 168(7) cm, weight 57(8) kg). Exclusion criteria were any history of back or neck pain that required >2 days rest from normal activities, treatment for spinal pain, or the presence of neurological, respiratory or musculoskeletal conditions that might affect symmetrical posture and movement.
Written, informed consent was obtained, and the institutional medical research ethics committee approved the study.
Equipment
Force measures with axial load device
Sudden axial load was applied to participant's shoulders in sitting and standing using a commercial exercise frame (Wellkart Fitness Equipment, Australia) that was modified to support and release load ( Fig. 1A-B Motion Systems Ltd., UK).
Motion capture for the device and participant
Displacement of the force transducers, shoulder pad foam and participants were recorded with an 8-camera Vicon system and Nexus software (n=12 at 200 Hz, n=10 at 100 Hz, sufficient temporal resolution was maintained at 100 Hz and less trials required gap-filling of 3-D data than at 200 Hz). Vertical load displacement (system strain) was measured with pairs of reflective markers on the left and right force transducers. Motion at regions of the body were measured with markers placed on; humeral head (~ 4 cm below the acromion process), T1 and S1 spinous processes, bilateral posterior superior iliac crests, and greater trochanters.
Procedure
For trials in sitting, the stool was adjusted to be level with the popliteal fossa, and participants were instructed to sit with a 'flat-back' posture (flat at mid thoracic spinal levels to sacrum observed with 3-D tracking, and if needed, verbal and manual guidance were provided to participants in preparation for trials), with shoulders over their hips, hands on the thighs, looking straight ahead and breathing gently (Claus et al., 2009) . The resting position of the hands was chosen to be consistent with functional tasks in sitting where the hands are commonly supported, such as computer based work (Dunk and Callaghan, 2005) , and participants were instructed not to use their arms to resist the loading. To ensure that the input force was applied along the axial vector, prior to each load-release, the platform was lowered onto participant's shoulders (acromion processes) with care to balance the load. Once orientation was confirmed, the platform was raised off the participant and slowly lowered to achieve "light" preload shoulder contact. The load was released at unpredictable time. After release, the platform was winched off the shoulders with ≥1 min rest before the subsequent trial.
The mean (SD) number of trials collected was 8(2) in sitting, and 7(3) in standing. For the first 12 participants (includes 4 males), sitting trials were recorded before standing trials. For the last 10 participants (includes 6 males) the order of postures was randomised.
To aid interpretation of system stiffness properties from human data, and assess prima facie validity of the new loading method, we recorded the response to axial loading of three materials with contrasting, predictable properties,: compression springs (approach linear stiffness); foam (highly compressible); and rigid wooden stools (high stiffness). Three different loads, comparable with the range of loads applied to human participants, were applied to each material.
Data processing
Force and kinematic data were low-pass filtered at 50 and 20 Hz, respectively, with a bidirectional 5 th order Butterworth filter, and further processed using customwritten analysis routines (The MathWorks Inc, Nattick, MA, USA). Time and amplitude of peak force output at the forceplate was determined. Shoulder preload input force was calculated as the sum of vertical forces for the four transducers between 300-500 ms prior to the peak force output. The onset of input force was defined as the time at which input force exceeded the preload by 10% of the applied load. This time was used as a reference time (time=0) and all further analyses were performed and calculated within a time window from -50 to 200 ms relative to this reference. All automated analyses were visually checked. where and are the system output and input functions in the Laplace domain, is the system gain, is the natural frequency oscillation time constant, is a damping factor, is a pure delay and is the Laplace differential operator. The effective mass in this model represents an equivalent mass to that which would be accelerated by an equivalent force. With sudden axial loading, the small amount of motion localised to the loading mechanism and specific body regions was modeled with a mass that was smaller than total body mass of human participants or materials.
The time from load release to peak load displacement was used in the analysis because; i) this occurred within ~100 ms (includes system properties prior to perturbation plus any contribution from simple reflex responses to mechanical behaviour, but limits the possibility of any influence of responses from higher levels of the nervous system [e.g. voluntary responses]); and ii) as peak strain provides a physiological threat to the tissues it represents an event with potential relevance for applied research. Effective stiffness (N/mm) for this specific axial loading device and timeframe was calculated as ⁄ . The coefficient of damping (N/ms -1 ) was calculated by ⁄ , and the effective sprung mass (kg) was calculated by ⁄ .
Model outputs were sensitive to noise (especially the effective mass calculation), thus, trials were excluded if: i) model fit was <85%; or ii) damping was estimated to be zero. This resulted in exclusion of 13/163 trials in sitting and a mean(SD) model fit 96.9(2.1)%, and exclusion of 6/145 trials in standing with model fit: 96.3(2.0)% for trials that were retained. Plots for model fit from exemplar trials in sitting and standing are shown in shown in Fig. 3A -B.
Statistical analysis
To demonstrate system behaviour with axial loading of human participants, descriptive statistics are reported for model outputs, temporal and spatial variables.
Repeatability of stiffness calculations between trials (within-day) was analysed using intra-class correlation (Shrout and Fleiss, 1979) using the psych package in R 3.0.2 (Gentleman and Ihaka, 2014) . Computation of ICC was based on the first two trials of each participant in each condition.
Comparisons between results from descriptive calculations and model outputs were undertaken in Microsoft Excel with the Real Statistics Add-on (www.realstatistics.com), using the Shapiro-Wilk test to assess distributions. P-values are reported from paired t-tests for variables that were normally distributed, and
Wilcoxon Signed-Ranks tests for paired samples where data were not normally distributed. Significance was set at P<0.05.
Results
Margin of error for temporal and spatial measurements
Errors in sensor delay, and measurement errors were evaluated with axial load (6 trials) applied to two wooden stools (Table 1 ). The preload contact between force transducers and stool was adjusted to maintain light contact (range 1.4 -7.7 N). In this set-up the peak input force averaged 476(95) N, and the peak output 508(111) N.
The ratio of impulses (N.s, calculated as the area under the force-time curve) between the output and the input forces from time=0 to the time of peak force output was 93%, indicating the efficiency of the system. The time delay between the peak input and output force was 1-2 ms.
Prima facie validity and modelling fit for system response
Modelled system properties are presented for the three non-human mechanical systems with three levels of axial load, as well as with human data in sitting in Fig. 4 and 
Repeatability of measurements with human participants
For sudden axial load perturbation, the repeatability of stiffness measurement (Table 3) .
Association between system stiffness and shoulder preload
To determine how variation in shoulder preload influenced amplitude of the effective stiffness, Pearson's correlation between preload amplitudes and the modelled stiffness (normalised to mean stiffness for each participant) was assessed ( Fig. 5A-B) . Effective stiffness was related to preload in sitting (R 2 =0.202; P<0.001), and in standing (R 2 =0.241; P<0.001).
System behaviour in sitting
When axial load of 20% body weight was suddenly applied to the shoulders of participants sitting with a flat back, input force increased to its peak over 89(10) ms, with a peak transducer drop of 17.7(4.3) mm at 103(16) ms after load release ( Fig.   6A -B). Peak output force occurred at 116(10) ms, and exceeded the peak input force by 44.8(10.0)% (Fig. 6A ). Most displacement was accounted for by reduced vertical distance between transducers and the shoulder (7.1 mm), and between the shoulder and T1 (6.6 mm) (Fig. 6H ). Minimal compression was detected between T1 and S1
(1.2 mm), and between S1 and the support surface (2.8 mm). In addition to compression of the trunk, the centre of pressure (CoP) moved posteriorly by 7.5(6.6) mm (Fig. 6F) , and medio-laterally 2.5(1.4) mm (Fig. 6G) . From load release to time of peak transducer drop the measured effective stiffness was 12.0(3.4) N/mm, the damping coefficient was 178.4(62.1) N/ms -1 and effective mass was 16.85(4.46) kg ( Fig. 6C-E ).
System behaviour in standing
The behaviour with sudden axial load in standing differed from that in sitting in several respects. The peak input force occurred earlier in standing at 84 (8) and the peak output exceeded the peak input force by 30.4(7.9)%, which was smaller than that in sitting (P=0.022, Fig. 6A-B 
Discussion
Validation of sudden axial load perturbation methods
This study demonstrated a new method for sudden axial load perturbation to postural control in sitting and standing. Measurement error was small and loading of non-human materials demonstrated that the device was able to characterise a wide range of material properties. A second order mass-spring-damper model described the behaviour from load release to peak displacement (stress on the system) with ~96% fit for all but 19/308 trials. Comparison with static load-displacement of compression springs showed that the dynamic effective stiffness calculated with the model underestimated true material stiffness by 0.8-3.9 N/mm. As the calculated effective mass in the step function model included the effective mass of the perturbing load, the three different loads that were released for the materials loading would have contributed part of the variability recorded with loading compression springs.
However, the fact that the device was able to record stiffness values ranging from 4.3 N/mm (126 mm foam) to 30.9 N/mm (wooden stools) with the same 19 kg load provides evidence that despite inclusion of the perturbing load in the step function model, this element of the device contributes only a small proportion of the properties measured.
Within-day repeatability stiffness measures with human trials showed higher repeatability in standing than sitting. This may indicate greater sensitivity to detect differences in participant variables with testing in standing than sitting. The vector of force input was carefully controlled by balancing load on the participant shoulders prior to release, but the magnitude of preload at the shoulders ranged from 0-65% of load applied, as participant breathing influenced shoulder height and the time of load release. Despite this wide range, normalised preload only had a modest effect on the stiffness measured.
Human mechanical behaviour with sudden axial perturbation.
A major finding in this exploratory study was that peak output force exceeded the peak input force by ~30-45% in standing and in sitting. This could represent the outcome of reflex muscle activation, similar to responses that occur with perturbations in the antero-posterior (Granata et al., 2004; Shahvarpour et al., 2014) and lateral directions, with onset latencies of reported to be 62-91 ms or 49-60 ms (Miller et al., 2010) after perturbation. Peak force output in the present study occurred 107-116 ms after perturbation and would be sufficient for a similar reflex latency plus ~ 20-60 ms of electromechanical delay.
Investigation with electromyography is required to study the neuromuscular contribution to defence of upright posture against axial load.
System behaviour in sitting and standing with sudden axial perturbation.
With the current axial loading device and task, the effective axial stiffness at peak load displacement was comparable in standing (13.3 N/mm) and sitting (12.0 N/mm). This may be unexpected as standing involves a greater number of segments to absorb impact. As other variables such as CoP displacement were unchanged, the difference in stiffness is best explained by the smaller load displacement (peak transducer drop) in standing than sitting. In standing the loss of vertical height at S1
(expected if leg motion absorbed impact) was trivial, and less than buttock compression in sitting. Similar vertical displacement between T1-S1 markers confirms that the spine responded similarly to the axial load in sitting and standing.
Postural control can be highly efficient and robust at maintaining position against axial load. Sitting only requires ~1.7% of maximal voluntary contraction of the trunk muscles, and with 32 kg rested on the shoulders, trunk muscle activity only increased to 2.9% of maximal voluntary contraction (Cholewicki et al., 1997) . Thus, variation in preloads for the current study may have required only minimal modulation of muscle activity.
Effective stiffness with sudden axial perturbation was typically in the range of 
Limitations and future research
Results of this study are specific to the device and methods used for axial load perturbation, and cannot be directly transferred to other postural tasks. Effective stiffness with axial load perturbation should be interpreted in the context that this measure is applied for comparison between participant conditions (such as sitting and standing). A limitation of the current procedure was that sitting was tested prior to standing (non-randomised) in the initial 12 participants. Although the data are from participants of both sexes, with a range of body weights (and thus load applied) and heights, this difference in randomisation means that it is not possible to explore associations between sex, weight/load and height relative to outputs such as effective stiffness. Future studies should randomise posture order and determine associations between these variables and effective stiffness calculated.
For studies where sensitivity to detect the effect of independent variables on trunk stiffness must be optimised, the current data provide a basis to consider exclusion of trials where preload exceeds a selected range (e.g. 0-20% total load), and this may help to improve the repeatability between trials that was observed in sitting.
Investigation with electromyography is a high priority, to explore the role of the muscular system in the consistent, rapid, and unexpectedly high energy-return, where peak force output exceeded peak force input in response to sudden axial load perturbation.
Conclusions
This study provides the foundation for a new method for sudden axial load perturbation to study postural control in standing and in sitting. Analysis of biomechanics at the times of peak stress and strain discovered that the peak force output exceeded input by 30-45%, and that body weight and/or load applied was strongly associated with system stiffness. Despite greater degrees of freedom in standing, the average system stiffness and CoP displacement were comparable with sitting, the duration and amplitude of strain were smaller than in sitting, indicating that postural control in standing was at least as efficient or more efficient than in sitting. Table 3 . Repeatability of measurements of the first two trials with each human participant (n = 22) with 20% body weight. . 
